thritis, and to multiple myeloma. These apparently unrelated diseases may, therefore, have some characteristics in common, as evidenced by their ability to produce amyloid. Knowledge of the specific biological alterations that are responsible for secondary amyloidosis may highlight certain factors common to these diverse primary diseases as well as aid in elucidating the basic physiological alterations responsible for the disease process of rheumatoid arthritis, which is complicated by a high incidence of amyloidosis.
Secondary amyloidosis has been produced in experimental animals by numerous workers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Whether the amyloid produced in experimental animals is identical in chemical structure and pathogenesis to the primary and secondary amyloid found in human beings has not been established. Though several workers have pointed out the frequency with which hyperglobulinemia occurs (2, 3, 7, 12, 13) , others have demonstrated that alterations in blood lipoproteins (7) and elevation of the serum hexosamine (14) occur. On the basis of these observations it has been suggested that amyloid may be the product of an antigen-antibody precipitate (13, 15, 16) The purpose of this study was to produce secondary amyloidosis in a series of rabbits in order to 1) examine and relate the biochemical and immunological derangements that occurred during the development of amyloidosis, and 2) compare the chemical composition of amyloid with that found in human beings. Results of the studies of the chemical identity of these types of amyloid will appear in a separate report. The observations reported here demonstrate that elevation of serum globulins and, particularly, of the serum protein bound hexosamine occurs in all animals developing amyloidosis, whereas there was no correlation between the precipitable antibody titer and the degree of amyloidosis.
MATERIAL AND METHODS
Plan of study. The study was divided into two parts, performed during successive years. In the initial study (A), a group of 12 rabbits, of the same strain of New Zealand whites, and weighing approximately 3 Kg. each, was subjected to biweekly subcutaneous injections of 5 ml. of 10 per cent casein suspended in water, to which penicillin was added in a dose of 1,000 units per ml. The suspension was injected subcutaneously into the back of the rabbit, a different site being selected for each injection. Three additional rabbits of the same strain, age and weight were kept as uninjected controls. The rabbits were bled periodically by intracardiac puncture, about 20 ml. being withdrawn each time. The blood was allowed to clot, and the serum was stored at -200 C. until time of analysis.
Of the original group of 12 injected rabbits, four died at three months or less-one of infection, one with convulsions immediately following casein injection, one of nephritis, and one following intracardiac puncture. These rabbits were eliminated from the study; none displayed histologic evidence of amyloidosis at autopsy. The eight remaining rabbits received biweekly injections and were bled at two month intervals for 6 to (20) . The antibody nitrogen of the casein-antibody precipitate was determined by the Kjeldahl method (21) . Estimations of circulating antibody concentrations were obtained by two different methods. Rabbits of Group A were initially studied by the following method: Following thawing at room temperature, the serum was distributed in 0.5 ml. aliquots into each of a series of test tubes. To each tube was added 0.5 ml. of saline solutions of casein with nitrogen concentration of 1,800, 250, 125, 62.5, 31 and 7.7 micrograms per ml., respectively. After incubation for 30 minutes at 37°C., the mixtures were allowed to stand overnight at 00 C., centrifuged, and the precipitates were graded. The supernatant fluids were tested for antigen and antibody excess and the nitrogen values of the antigen-antibody precipitates obtained in the region of slight antigen excess were obtained by the Kjeldahl method (21) . From this figure, the antibody nitrogen concentration of the respective serum was calculated and the maximum values for each serum are recorded in Table II. In Group B rabbits, an estimation of the concentration of antibody was obtained in a different manner. To 1 ml. of serum, 0.25 ml. aliquots of casein solution (18 gamma N per ml.) were added serially on successive mornings. After each addition the mixture was incubated at 370 C. for 1 hour and then chilled at 00 C. for approximately 24 hours; the precipitate was centrifuged off and a new 0.25 ml. aliquot was then added. This procedure was continued until the addition of antigen failed to yield any precipitate. The number of additions which did yield a precipitate were recorded as an index of the titer of precipitating antibody in that specimen. Simultaneous quantitative determination of the amount of antibody nitrogen obtained in a manner similar to that employed in the Group A rabbits indicated, in several sera studied, that each addition of antigen, containing 4.5 gamma of nitrogen, resulted in the precipitation of approximately 45 gamma of antibody nitrogen.
The specificity of the antigen-antibody precipitation reaction was established by the demonstration that no reaction occurred on cross-reacting casein with anti-bovine plasma albumin rabbit serum, or by reacting bovine plasma albumin (Armour) with anti-casein rabbit serum.
Serum nonprotein nitrogen values, serum uronic acid (22) , cryoglobulins (23) , and serum cholesterol values were obtained by standard methods. Paper chromato-graphic identification of serum hexosamine was done by a method previously outlined (24) . The antigen antibody reaction was studied by the agar diffusion method of Ouchterlony (25 (26), was injected subcutaneously as a tracer. The radioactivity of the subcutaneously implanted spleen, of the underlying body wall (from which the spleen had been deflected), and of the original site of injection of labeled casein was then determined at intervals for 24 hours by means of a directional counter. Once the time of maximum uptake by the spleen had been determined (between 4 and 10 hours after injection), a ten-times larger dose of labeled caseinate was administered subcutaneously in multiple sites and the animal was sacrificed after this interval. Aliquots of spleen, kidneys, heart, striated muscle, liver, stomach wall and serum were obtained and determinations of wet weight and radioactivity were obtained, by both direct counting and by radioautography. In two rabbits (No. 60 and one control) radioactive labeled casein was administered daily for 4 days prior to sacrifice, 10 hours after the last injection. Sections of the spleen and kidney were studied radioautographically, and the tissues were weighed and counted as usual.
RESULTS
A. Clinical and pathological The overall incidence of amyloid disease in the rabbits studied, as indicated by biopsy and autopsy, is shown in Table I , in which they are listed in general order of the amount and rapidity of amyloid formation. None of the three control rabbits or of the four which died in less than four months demonstrated amyloid accumulation in any of the organs studied. Repeat biopsy of the spleens of five rabbits in Group B after three and one-half months of injections revealed minimal but definite traces of amyloid in three (Nos. 55, 56 and 58). All of these rabbits went on to display massive amyloidosis at death three and one-half months later. Of the three rabbits which received only one injection of casein, two were free of amyloidosis both at biopsy at three and one-half months and at autopsy five or more months later; one, however (No. 61) exhibited a moderate accumulation in the spleen at time of death.
The histologic appearance of the amyloid displayed a consistent pattern in both groups of rabbits. The earliest visible change in the spleen was the accumulation, especially in perifollicular areas, of small masses of hyaline material, which stained with congo red. In some animals the material was widespread throughout the loose interstitial tissue, as well as in the follicular areas. In others, massive extracellular accumulation appeared in the perifollicular areas, leaving the interstitial tissue largely uninvolved. Finally, in several rabbits the spleen became almost totally replaced, only sparing a few trabeculae and lymphoid follicles. The most common renal abnormality was the accumulation of amyloid substance in the glomeruli, sometimes diffusely along the basement membrane, but occasionally appearing to be engulfed in macrophages. In many of the rabbits the glomeruli were largely or totally replaced by amyloid. In some instances, small amounts of amyloid were also present in the interstitial areas around the collecting tubules. In several rabbits, notably Nos. 47, 56 and 55, there were focal accumulations of polymorphonuclear lymphocytes in the interstitial areas, suggesting pyelonephritis. The livers were usually normal, except for some central hyalinization. In all of the instances noted above, the amyloid stained, at least to some degree, with congo red. Histologic examination of the heart and skeletal muscles was negative. The nodules present at sites of injection consisted of masses of eosinophilic granular material superficially resembling amyloid but on closer examination, were found to exhibit the appearance of necrotic material and cellular debris and did not stain with congo red. This amorphous material was surrounded by an area of inflammation with infiltration of polymorphonuclear cells.
The clinical course of the rabbits was reviewed in an attempt to identify the characteristics which were manifest by the rabbits which developed severe amyloid disease. There appeared to be no correlation between the distribution of amyloid, degree of organ involvement and the duration of the injections. In six of the rabbits (Nos. 14, 9, 11, 58, 56 and 60) pea-sized nodules developed at the site of many of the injections, containing thick creamy material having the histologic characteristics mentioned above. .so the course of the injections. There also appeared to be a correlation between the severity of the amyloid disease and the increase in hexosamine concentration during the period of injections ( Figure 5) control or receiving injections, demonstrated lipemia. It seems likely that the disturbance in cholesterol and fat metabolism was related to the renal disease rather than to the amyloidosis per se.
Serum cryoglobulins. None were demonstrated during the course of these observations. Antigen-antibody precipitate. The concentration of hexosamine in twice washed casein-antibody precipitates from the sera of two rabbits that developed amyloidosis was 1 and 1.2 per cent of the precipitating protein. The quantity of hexosamine in the precipitate constituted less than 5 per cent of the total serum hexosamine and thus could not account for any significant amount of the elevated serum hexosamine concentration. The amount of hexosamine found in the precipitate corresponded well with that amount which disappeared from the serum following addition of the casein. The contribution to the hexosamine value by the casein was negligible.
Of further interest was an estimation of the proportion of the gamma globulin that was precipitated by the casein. In six instances the precipitable antibody nitrogen was converted to precipitable antibody protein, and then compared with the gamma globulin as determined by the electrophoresis. Between 6 and 24 per cent (mean, 16.8 per cent) of the gamma globulin was precipitated (Table III) .
Chromatography of rabbit serum hexosamine. Because the hexosamine in human amyloid tissue appears to be both glucosamine and galactosamine in a ratio of approximately 4: 1 (27) , it was of interest to study the sera of amyloid rabbits in order to determine whether this same ratio was present. No galactosamine was demonstrable, however, in the sera by paper chromatography. In sera from three rabbits, hexosamine was determined before and after dialysis against isotonic saline (pH 7). In no case did the concentration decrease.
Agar diffusion antigen-antibody studies. The rabbit serum antibodies to the casein used in the production of amyloid were studied by the Ouchterlony agar diffusion technique (25) . Against that casein four distinct bands were noted in the agar. Furthermore, the serial bleedings from a given animal showed changing intensity of the different bands during the course of the injections. Casein is known to have three electrophoretic components. The presence, however, of four agar diffusion bands suggested that impurities in the casein had served as antigens. Therefore, these same sera were also tested against casein5 that had been reprecipitated several times, but the same number and intensity of agar diffusion bands resulted. Sera from control animals gave no bands.
Radioactive studies. The rates of declining radioactivity at the sites of injection of Il31 labeled casein and of increasing activity over the parenchymal organs were similar in all rabbits studied, whether or not they had received serial injections of casein. The radioactivity at the site of injection fell to less than 40 per cent of its initial value within 3 hours and reached between 5 and 15 per cent of its initial value in 10 hours. There was no difference in radioactivity of the spleen and of the body tissues immediately beneath the spleen at any time following the injection, either in the control or the injected animals. This activity reached its peak between 4 and 10 hours after the time of injection, the time curves showing no consistent difference between the two groups. No significant uptake of radioactive material was noticed in the region of the thyroid gland.
Upon sacrificing the animal no significant differences in radioactivity were noted between tissues which were laden with amyloid and the relatively normal organs. It is apparent from the above study that biweekly subcutaneous injection of sodium caseinate (0.5 Gm.) is an effective method of inducing amyloidosis in rabbits. Of 14 animals receiving serial injections and surviving for four months or more, all exhibited the disease to some degree. Individual susceptibility appeared to be a greater determinant than duration of injections. Thus, three of the rabbits studied by biopsy exhibited moderated amyloidosis after three and one-half months of injections and displayed massive amyloid deposits by the time of sacrifice, three and one-half months later. On the other hand, one animal (No. 11) displayed only minimal evidence of the disease after a 15 month course of injections totalling 64 Gm. of casein.
Because one of the rabbits with severe amyloidosis in this series (No. 18) had a secondary infection, it is suggested that secondary infection may predispose the animal to more severe disease. On the other hand, in a subsequent study, culture of both the casein preparations used for injection and the subcutaneous nodules were sterile, indicating that secondary infection is neither frequent nor necessary in the development of amyloidosis by casein injections.
The studies on our rabbits indicated that many but not all of those animals which exhibited hypergammaglobulinemia during the course of the injections were the ones which developed massive amyloid deposits (see Figure 5 ). Other investigators have noted that hyperglobulinemia is a frequent antecedent to experimental amyloidosis, induced by a variety of agents (2, 3, 7, 12, 13) . The nature of the association between hyperglobulinemia and amyloidosis is unknown.
Eklund and Reimann (3) commented not only upon the fact that hyperglobulinemia preceded the development of amyloidosis, but also upon the hypoalbuminemia appearing after the development of renal amyloidosis and azotemia. Our own studies likewise indicate that only those rabbits developing azotemia, as a terminal complication of amyloidosis, exhibited a decrease in albumin concentration. The hypercholesterolemia and lipemia, the marked rise in serum uronic acid concentration, and the terminal fall in serum albumin *concentrations and in casein antibody titer seemed to be dependent upon the development of renal insufficiency and are probably not related to the pathogenesis of amyloidosis.
Elevation of the serum hexosamine has been reported in one instance of human amyloidosis (14) as well as in a wide variety of other diseases and during stress in animals. In addition, amyloidcontaining tissues have been shown to contain a higher concentration of hexosamine than normal tissues (27, 28) . In this study there appeared to be significant correlation between the degree of elevation of the serum hexosamine and the amount of amyloid present at autopsy ( Figure 5 Some peculiar antigenic properties of casein deserve comment. Although casein is known to have at least three electrophoretic components, the observation of four agar diffusion precipitin bands when testing the rabbit sera against casein, both that used for the injection and a reprecipitated preparation, suggests that a complex of these casein components (29) may serve as an antigen or the casein may in some fashion stimulate a heterogenous antibody. Such a complex antigenantibody system may be difficult to evaluate by the quantitative precipitin technique used in the Group A animals, because the equivalence points may differ among these four antigen-antibody systems. Such difficulties in addition to the Danysz' phenomenon (30) may enter in the results obtained in the Group B animals.
The evidence presented above suggests that in these rabbits prolonged elevation in the concentration of serum globulins and hexosamine containing compounds may be associated with the eventual appearance of amyloid. Although no relationship was demonstrated between the serum precipitable antibody and the development of amyloidosis, there remains the definite possibility that nonprecipitating antibodies or other immunologic factors are intimately involved in the pathogenesis of amyloidosis. CONCLUSIONS 1. Serial injections of sodium caseinate is a very effective, although slow and not entirely predictable, method of inducing massive deposits of amyloid in rabbits.
2. Elevation of all the globulins occurred both before and during the development of amyloidosis.
A fall in albumin concentration occurred in those animals which developed terminal renal insufficiency.
3. Elevation of the serum hexosamine concentration occurred throughout most of the course of injections in all of the rabbits which developed amyloidosis.
4. Significant titers of circulating antibodies could be demonstrated in many animals; while in general, the rabbits which exhibited the highest antibody concentrations developed large amyloid deposits, several animals developed definite deposits without having exhibited circulating antibodies.
